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INTRODUCTION

Longleaf pine (P. palustris Mill.) and loblolly pine (P. taeda L.) are
two species that are common to the coastd plain of the southeastern
United States. The current natural range of the two species is largely
overlapping. Loblolly pine occurs in 13 southeastern states (Figure 1).
Longleaf pineisthe more audral of the two species, occurring further
south into peninsular Horida, but not occurring naturdly in Oklaho-
ma, Arkansas, Tennessee, Maryland and New Jersey (Critchfield and
Little, 1966). The two species are closdy rdated. They sometimes
hybridize naturaly (Chapman, 1922), and cregting the atificid hybrid
is not difficult if longleaf pine is the female parent (Snyder and Squil-
lace, 1966).

Very little is known about the location of the southern pines during
the Wisconsin glaciation because of the lack of macrofossils. Palyno-

R. C. Schmidtling is affiliated with the Southern Institute of Forest Genetics,
23332 Highway 67, Saucier, MS 39574 and the USDA Forest Service (E-mail:
schmidtl@datasync.com).

V. Hipkins and E. Carroll are affiliated with the National Forest Genetic Electro-
phoresis Laboratory, Placerville, CA and the USDA Forest Service.

[Haworth co-indexing entry note]: “Pleistocene Refugia for Long]eaf and Loblolly Pines. Schmidt-
ling, R. C., V. Hipkins. and E. Carroll. Co-published simultaneously in Journal of Sustainable Forestry
(Food Products Press, an imprint of The Haworth Press, Inc.) vol. 10, No. 3/4, 2000, pp. 349-354; and:
Frontiers Of Forest Biology: Proceedings Of the 1998 Joint Meeting of the North American Forest Biology
Workshop and the Western Forest Genetics Association (ed: Alan K. Mitchell et al.) Food Products Press, an
imprint of The Haworth Press, Inc., 2000, pp. 349-354. Single or multiple copies of this article are available
for a fee from The Haworth Document Delivery Service [I-800-342-9678, 9:00 am. 5:00 p.m. (EST).
E-mail address: getinfo@haworthpressinc.com].

349



350 FRONTIERS OF FOREST BIOLOGY

FIGURE 1, Natural range of loblolly pine showing proportion of trees with high
concentrations of cortical limonene.
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logicd records are not conclusive, due to the difficulty in identifying
pine pollen to the species level. Macrofossils of spruce (Picea sp.)
dating from the Plestocene have been found within the current range
of both longleaf and loblolly pinein southern Louisiana, central Geor-
gia and southern North Caroling, indicating that the climate was con-
Sderably colder at that time (Watts, 1983). It is reasonable to assume
that longleaf and loblolly pine were stuated south of their present
range during the Pleistocene. The exact location of these refugiais a
meatter of some speculation (Wdls et d., 1991), but consdering the
relaively uniform land form of the lower Coagtd Plain of the south-
eastern United States, there appears to be only two possihilities; south
Florida/Caribbean  or  south  Texagnortheast  Mexico.

Genetic data can be usad to infer location of glacid refugia and
migration patterns (Wheder and Guries, 1982). The present study
examines geographic patterns of alozyme variation in longleaf and
loblolly pines to provide evidence for the location of Pleistocene refu-
gia for the two Species.
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MATERIALS AND METHODS

Allozyme frequencies were sudied in range-wide collections from
23 populations of longleaf pine (Schmidtling and Hipkins, 1998) and
33 populations of loblolly pine (Figure 1). The longleaf pine data were
from megagametophytes of approximately 30 individua trees per
population, and included three seed orchard sources and an old-
growth stand. In loblolly pine, three different sets of range-wide
collections were used; nine seed orchard populations averaging 46
clones per source, 14 populations from the Southwide Southern Pine
Seed Source Study (Wells and Wakeley, 1966) averaging 46 megaga-
metophytes per source, and 10 bulk seed collections, averaging 66
embryos per source.

In both species, g eectrophoresis was used to resolve enzyme
systems  phosphoglucose isomerase (PGI), fluorescent esterase (FEST),
malic enzyme (ME), aconitase (ACO), phosphoglucomutase (PGM).
6-phosphogluconate  dehydrogenase (6PGD), glutamic oxaoacetate
transaminase (GOT), leucine aminopeptidase (LAP), isocitrate dehy-
drogenase (IDH), and malate dehydrogenase (MDH), for atota of 10
enzyme sysems and 16 loci. In longleaf, an additiond 4 enzyme
systems and 6 loci were assayed; acohol dehydrogenase (ADH), tri-
osephosphate isomerase (TPI), glycerate-2-dehydrogenase (GLYDH),
and glucose-6-phosphate dehydrogenase (G6PD).

Allozyme data were used to provide severd estimates of genetic
varigion usng BIOSYS | (Swofford and Sdlander, 1989), induding
mean number of dlees per polymorphic loci (N,), percent loci poly-
morphic (P, 95% criterion), observed heterozygosity (H,), and ex-
pected heterozygosity (H,), aswell as the standard measures of genet-
ic differentiation, the F gatistics FIS, Fjp and Fgr.

Additiond measures of diversty computed were (N,) number of
rare aleles per tree (one that occurs at a frequency of 0.05 or lessin
the overd| populaion) and the frequency of the most common dlde
(A,.) averaged over dl loci. A “diversty index” was computed by
taking the mean of the standardized scores for N,, P;, He, N, and
A. " ! for each population. Each measure of genetic diversity is first
dandardized by subtracting the mean and dividing by the standard
deviation, and the “index” is the unweighted mean of the five scores.
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RESULTS AND DISCUSSON

F gatigtics for both species indicated very little inbreeding with Fig
and Fyr near zero or dightly negetive. Fgp was between 0.03 and 0.04,
indicating that differences among populations accounted for between
3 and 4 percent of the tota variation in both species. There was little
difference in dlele frequencies due to origin of the populations, i.e,
orchard versus wild populations, for loblolly (Schmidtling et d.,
1994) or longleaf (Schmidtling and Hipkins 1998).

In longleaf pine, there was a linear decrease in alozyme variation
from west to east. Correations of longitude of the seed source with
N., Ho, P, Ni, and A, ™! were r = 0.604, 0.787, 0.718, 0.549 and
0.728, respectively, which are dl dgnificant at the 0.01 level. The best
corrdation was between longitude and the composte function, the
dlozyme variation index (Figure 2A).

In [oblolly pine, there was no east-west trend in dlozyme variation,
and there gppeared to be a tendency for more variation in the central
part of the natural range (Figure 2B).

Provenance tests have shown that substantial geographic variation
in growth, surviva, and disease susceptibility exigs in loblolly pine as
well asin longleaf pine (Wells and Wakeley, 1966, 1970). Growth is
generally related to latitude or temperature at the seed source (Schmidt-
ling, 1997). Geographic variation in both species pardldsthat of other
forest tree species, seed sources from warmer climates grow faster
than those from colder climates, if these sources are not transferred to
very different cimates.

East-west variation in adaptive traits such as growth, disease re-

FIGURE 2. Plot of allozyme variation index vs. longitude of the seed source for
range-wide collections of (A) longleaf pine and (B) loblolly pine.
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sistance and survivd is minimd in longleaf pine but is quite impor-
tant in loblolly pine (Wels and Wakdey, 1966, 1970). In loblolly
pine, western sources are dower growing, survive better, have great-
er resstance to fusform rust (Cronartium quercuum |Berk.] Miyabe
ex Shira f.9. fusiforme), and have greater concentrations of limo-
nene in cortical gum than eastern sources (Squillace and Wells 198 1,
Figure 1). The isolating effect of the pineless Missssppi River
Valley has been proposed as the reason for these differences (Wdls
and Wakeley, 1966), but if geographic variation in limonene con-
centration and fusform rust resstance are consdered (Figure 1) the
divison between western and eastern sources appears to be east of
the Missssippl River.

CONCLUSIONS

It is proposed that the continuous linear decrease in dlozyme varia:
tion in longleaf pine from west to eadt is a result of migration from a
single refugium in the west (south Texas or northeast Mexico) after the
Pegtocene, with a loss of variability due to stochadtic events during
migration. The lack of such a trend in dlozymes in Ioblolly pine
coupled with the diginct east versus west variation in fusform rust
resstance and other adaptive traits suggest that loblolly pine was
located in two refugia during the Pleistocene: in TexasMexico and
Florida/Caribbean, as proposed by Wels e d. (1991).

The dashed line east of the Mississippi, in southeast Louisana and
west Missssippi (Figure 1) shows the location of a very steep gradient
in fusform rust resstance which can best be explained by assuming
the confluence of two populations (Wells et d., 1991). This, aswdl as
the steep gradient in terpene concentration in the same location sug-
gedts the merging and mixing of the two populations after the retreat
of the Wiscongn glaciation.

Seed movement guiddines should take into account the differences
among the two species. It does not appear that east-west movement of
longleaf Seed sources need be restricted, especialy if seed of the more
diverse western populations are moved eastward. More caution should
be used in east-west movement of loblolly pine, since there appear to
be two different populations.
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